Human Keratinocytes Express Multiple P2Y-Receptors: Evidence for Functional P2Y1, P2Y2, and P2Y4 Receptors  by Burrell, Helen E. et al.
ORIGINAL ARTICLE
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Extracellular nucleotides are agonists at the family of
receptors known as the P2 receptors, and in keratino-
cytes the P2Y2 subtype is known to elevate the intracel-
lular free calcium concentration (Cai) and stimulate
proliferation. In this study, we have investigated the
presence of other functional members of the P2Y sub-
group in both normal human keratinocytes and the
HaCaTcell line. Using reverse transcription polymerase
chain reaction, the expression of mRNA for P2Y1,
P2Y2, P2Y4, and P2Y6 receptors was demonstrated in
HaCaTcells and di¡erentiated and undi¡erentiated nor-
mal human keratinocytes. Cai was monitored in re-
sponse to a panel of P2Y receptor agonists. To couple
mobilized Cai to a downstream cellular response, cell
proliferation was also addressed. In both cell types, ade-
nosine 50 -triphosphate and uridine 50 -triphosphate in-
duced Cai transients of approximately equal duration,
magnitude, and shape, con¢rming the presence of func-
tional P2Y2 receptors. In HaCaT cells, additional char-
acteristic responses were observed in a subpopulation
of cells; adenosine 50 -triphosphate failed to elevate Cai
in some cells responding to uridine 50 -triphosphate, in-
dicating the presence of P2Y4 receptors, whereas the
P2Y1-speci¢c agonist 2-methylthio-50 -adenosine di-
phosphate was, again, only e¡ective in a small subpopu-
lation. Uridine 50 -diphosphate was ine¡ective,
indicating the absence of functional P2Y6 receptors.
Adenosine 50 -triphosphate and uridine 50 -triphosphate
equally promoted cell growth in normal human kerati-
nocytes in comparison with the control. In HaCaTcells,
adenosine 50 -triphosphate, uridine 50 -triphosphate, and
adenosine 50 -diphosphate signi¢cantly increased prolif-
eration in comparison to the controls, with a 30%
higher response to uridine 50 -triphosphate than with
adenosine 50 -triphosphate. These data demonstrate that
multiple P2Y receptors (P2Y1, P2Y2, and P2Y4 sub-
types) are di¡erentially involved in the regulation of
proliferation in human keratinocytes and therefore
may be important in wound healing. Key words: extra-
cellular nucleotides/intracellular calcium/keratinocytes/P2 re-
ceptors/proliferation. J Invest Dermatol 120:440 ^447, 2003
I
n the strati¢ed squamous epithelium of the epidermis, cells
are continually desquamated from the uppermost layer.
Cell division occurs predominantly in the basal layer where
stem cells are situated at the tips of the rete ridges. Stem
cells give rise to transit amplifying cells (Eckert, 1989),
which move to the suprabasal layers where they di¡erentiate.
During their migration, the cells are subjected to an increasing
calcium gradient (Menon et al, 1985). This, in combination with
other signals, induces the morphologic and biochemical changes
of di¡erentiation, including changes in cytoskeletal ¢laments, in-
tercellular attachments, lipid content, and formation of the cell
envelope. Each layer of the epidermis contains cells at di¡erent
stages of di¡erentiation, culminating in terminally di¡erentiated
keratinocytes in the corni¢ed layer. The maintenance of the bal-
ance between desquamation and proliferation in keratinocytes is a
complex process, controlled by multiple extracellular factors.
These include stimulation by transforming growth factor a
(TGFa) (Barrandon and Green, 1984), epidermal growth factor
(Rheinwald, 1980), and extracellular nucleotides (Pillai and Bikle,
1992; Dixon et al, 1999), and inhibition by TGFb (Shipley et al,
1986), extracellular calcium (Cao) (Hennings et al, 1980), and vita-
min D3 (Jones and Sharpe, 1994).
When the epidermis is damaged, platelets release extracellular
nucleotides, as part of the aggregation reaction associated with
clotting (Huang et al, 1989). In ¢broblasts, adenosine 50 -tripho-
sphate (ATP) acts synergistically with epidermal growth factor
and insulin to increase the rate of DNA synthesis (Wang et al,
1990). Synergy between ATP and platelet-derived growth factor
and TGFa also occurs (Huang et al, 1989). In normal human ker-
atinocytes (NHK), however, extracellular nucleotides have been
directly linked to the proliferation response (Pillai and Bikle,
1992; Dixon et al, 1999). Not only are nucleotides released by pla-
telets, but they are also released by dead or damaged cells at sites
of trauma, and by NHK during both stress and normal epidermal
homeostasis (Dixon et al, 1999). Release from NHK has been
proposed to occur via ATP-binding cassette proteins, which
have been reported to be in close proximity to subtypes of P2
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receptors (Al-Awqati, 1995). Detection methods, utilizing a real-
time ¢re£y luciferin-luciferase assay, have indicated that released
concentrations of ATP are physiologically active at the adjacent
receptors within the local area of release (Dixon et al, 1999).
P2 receptors are a family of transmembrane receptors classi¢ed
according to the mechanisms of signal transduction (Dubyak
and El-Moatassim, 1993) and the results of molecular cloning
(Abbracchio and Burnstock, 1994). There are two main classes:
the P2X receptors are ligand-gated ion channels (Bean, 1992)
and the P2Y receptors are G-protein-coupled Ca2þ mobilizing
ATP receptors (O’Connor et al, 1991).Whereas some P2X receptor
subtypes are rapidly desensitized by agonists, the P2Y receptors,
in particular the P2Y1 and P2Y2 subtypes, are not (reviewed by
Ralevic and Burnstock, 1998). The classes are subdivided and
characterized according to the potencies of various agonists
(Burnstock and King, 1996; Kunapuli and Daniel, 1998). To date,
members of the P2Y subgroup that have been cloned from hu-
man tissues include the P2Y1, P2Y2, P2Y4, and P2Y6 subtypes.
Selective agonists include 2-methylthio-adenosine-50 -dipho-
sphate (2MeSADP) at the P2Y1 receptor (Kunapuli and Daniel,
1998; Kyle Palmer et al, 1998) and uridine 50 -diphosphate (UDP)
at the P2Y6 receptor (Nicholas et al, 1996). The P2Y2 receptor is
characterized byATP and uridine 50 -triphosphate (UTP) acting as
equipotent agonists, whereas the P2Y4 receptor can be identi¢ed
when UTP has greater potency than ATP (Boarder and Hourani,
1998). Whereas reverse transcription polymerase chain reaction
(RT-PCR) techniques enable mRNA expression within tissues
to be determined, functional responses are indicated by intracel-
lular changes in signaling molecules, such as inositol phosphates
and intracellular calcium (Cai), and cell outcome, such as prolif-
eration or di¡erentiation. Caution must be used during identi¢-
cation of functional receptors, however, as agonist potency orders
may be altered in cultured tissues (Ralevic and Burnstock, 1998)
and may be in£uenced by agonist stability and the presence of
interconverting ecto-nucleotidases (Zimmermann, 1996).
P2Y receptor activation is coupled, via a G protein, to produc-
tion of inositol 1,4,5-trisphosphate (InsP3), which initiates transi-
ent increases in Cai, and production of diacylglycerol (DAG). The
Cai transients last for a period of minutes and are linked to an
increase in DNA synthesis and proliferation (Pillai and Bikle,
1992; Dixon et al, 1999). Di¡erentiation and Ca2þ mobilization
are also linked, although release must be sustained over a longer
period of time and must include in£ux of extracellular calcium
(Sharpe et al, 1989). The main target for DAG is stimulation of
protein kinase C, which in turn stimulates the mitogen-activated
protein kinase cascade. This has been observed to increase DNA
synthesis and cell division, and has been linked to P2 receptors,
particularly the P2Y1 and P2Y2 subtypes (Boarder et al, 1995).
P2Y2 receptors, present in a wide range of cell types, have been
linked to proliferation in porcine smooth muscle cells (Wang
et al, 1992), rat astroglial cells (Abbracchio et al, 1994), and MCF-7
breast cancer cells (Dixon et al, 1997). Di¡erential expression of
multiple subtypes is species, cell type and di¡erentiation depen-
dent (Pillai and Bikle, 1992; Reimer and Dixon, 1992; Ralevic
and Burnstock, 1998). For example, in NHK, Cai elevation
has been observed with adenosine 50 -diphosphate (ADP), an
agonist at both the P2Y1 and P2Y6 receptors, and ATP and UTP,
which are agonists at P2Y2 and P2Y4 receptors (Pillai and Bikle,
1992).
A full characterization of P2Y receptors and their functions in
NHK has not previously been published. In this study, we have
investigated the presence and function of P2Y receptors in both
NHK and the HaCaT cell line. The use of the human keratino-
cyte cell line HaCaT (Boukamp et al, 1988) was also investigated
as a model of keratinocyte proliferation and was compared with
NHK in order to validate its use. HaCaT cells are immortal, but
retain some ability to di¡erentiate (Ryle et al, 1989; Breitkreutz
et al, 1993) and have the capacity to produce normal epidermis
in athymic mice (Boukamp et al, 1988). Using P2Y receptor ago-
nists, we have investigated the functional receptors involved in
the regulation of proliferation in NHK and the HaCaT cell line
by observation of changes in Cai and the measurement of prolif-
eration by cell counting. Presence of the receptors identi¢ed has
been con¢rmed using RT-PCR. Although the mRNA expres-
sion pro¢le appeared to be the same for both cell types, there
were clear di¡erences in the functional receptors expressed, which
probably re£ect the transformation of the cell line and/or the
changes in di¡erentiation status. Results indicate that, whereas
only P2Y2 receptors appear to be functional in NHK, the HaCaT
cell line expresses multiple functional receptors, including P2Y1,
P2Y2, and P2Y4 receptors, which are involved in the proliferation
response. Furthermore, changes in receptor mRNA expression
due to di¡erentiation were analyzed by culturing NHK in ele-
vated concentrations of Ca2þ . Although there was no apparent
change in expression of P2Y1 or P2Y6 receptors, P2Y2 and P2Y4
mRNA expression was downregulated in the cells treated in
200 mM or 1 mM Ca2þ for 24 h.
MATERIALS ANDMETHODS
Cell culture NHK were isolated from neonatal foreskins or from
retroauricular tissue. Cells were cultured in MCDB153 (Sigma, Poole,
U.K.), using the method previously described by Jones and Sharpe (1994),
and were passaged at approximately 70% con£uence with addition of 100
mg per ml bovine hypothalamic extract (Pel-Freez, U.S.A.) to aid cell
adhesion. Cells were used between passages 1 and 4.
The HaCaT cell line was a gift from Professor Fusenig (Division of
Di¡erentiation and Carcinogenesis in Vitro, Institute of Biochemistry,
German Carcinogenesis Research Center). HaCaT cells were cultured
in Dulbecco’s modi¢ed Eagle’s medium (DMEM) supplemented with
5% fetal bovine serum (FBS) and 2 mM L-glutamine. DMEM and
L-glutamine were purchased from Sigma, Poole, U.K., whereas FBS was
obtained from Seralabs, U.K. Cells passaged at approximately 70%
con£uence were preincubated with 0.02% ethylenediamine tetraacetic acid
(EDTA; Sigma, Poole, U.K.) for 5^10 min before incubation with 0.02%
EDTA in 0.05% trypsin (ICN-Flow, U.K.) for 5 min. Cells were
resuspended in fresh DMEM and split at a ratio of 1:10. Cells were used
between passages 45 and 65.
Proliferation assay Cells were seeded onto 6 cm Petri dishes (Costar,
High Wycombe, U.K.), at a concentration of 1105 cells per dish, and
allowed to adhere for 72 and 24 h for NHK and HaCaT cells, respectively,
prior to treatment with extracellular nucleotides (Sigma). UTP and ATP
were added to the dishes (n¼ 4 for treatments of extracellular nucleotides,
and n¼ 8 for controls) for a further 24 h, before cell numbers were
determined using a Coulter counter (model ZM). Proliferation was
determined as the initial seeded number subtracted from the ¢nal cell
number. Changes in proliferation when treated with extracellular
nucleotides were then compared to controls.
RNA extraction and cDNA synthesis Cell contents were extracted
from con£uent cultures using 0.5 ml Tri-Reagentt (Sigma) per 6 cm
Petri dish. Total RNA was separated using chloroform (BDH-Merck,
Poole, U.K.) and isopropanol (Sigma) according to the manufacturer’s
guidelines (Sigma). The RNAwas treated with RNAse-free DNase I (35
U per ml; Qiagen, Crawley, U.K.) for 30 min before being stored at ^201C
as an ethanolic precipitate. An aliquot of 5 mg total RNA was used as a
template for ¢rst strand cDNA synthesis in a 50 ml reaction incubated at
371C for 1 h. The reaction mixture contained 20 units RNAse inhibitor
(Roche Molecular Biochemicals, U.K.), 50 mM Tris^HCl pH 8.3, 75 mM
KCl, 3 mM MgCl2, 10 mM dithiothreitol, 1.5 ml oligo dT, 0.5 mM of each
dNTP (dATP, dCTP, dGTP, dTTP), and 800 units of Superscriptt II RT
(Gibco BRL, Paisley, U.K.). Oligo dT and dNTPs were obtained from
Roche Molecular Biochemicals.
PCR PCR reactions were carried out using a 50 ml reaction containing
0.5 mM of each dNTP (dATP, dCTP, dGTP, dTTP), 20 mM Tris^HCl
pH 8.4, 50 mM KCl, 1.5 mM MgCl2, 1 mM each of sense and antisense
primers, 1 unit Thermoprimeþ (Gibco BRL, Paisley, U.K.), and 2 ml
cDNA. For the glyceraldehyde phosphate dehydrogenase (GAPDH)
primers, the initial denaturation stage was at a temperature of 941C for
2 min. This was followed by 35 cycles (Dixon et al, 1999) of denaturation
at 941C for 30 s, annealing at 601C for 30 s, and an initial extension period
of 30 s at 721C. Finally, an extension period of 5 min at 721C was
performed. For the P2Y receptor primers, the annealing temperature was
altered to 581C.
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Primer sequences (Maier et al, 1997) used were as follows: GAPDH sense
50 -GGTGAAGGTCGGAGTCAACGG, anti-sense 50 -GGTCATGAGTCC-
TTCCACGAT; P2Y1 sense 50 -TGTGGTGTACCCCCTCAAGTCCC,
anti-sense 50 -ATCCGTAACAGCCCAGAATCAGCA; P2Y2 sense 50 -
CCAGGCCCCCGTGCTCTACTTTG, anti-sense 50 -CATGTTGATGG-
CGTTGAGGGTGTG; P2Y4 sense 50 -CGTCTTCTCGCCTCCGCT-
CTCT, anti-sense 50 -GCCCTGCACTCATCCCCTTTTCT; P2Y6 sense
50 -CCGCTGAACATCTGTGTC, anti-sense 50 -AGAGCCATGCCATAG-
GGC.
Cai measurements Cells were grown on 22 mm round glass coverslips
(BDH-Merck) for 24 h at seeding densities of approximately 1104 cells
per coverslip. Cai measurements were taken from single cells within
colonies of approximately four to eight cells and were performed at 301C.
Cells were loaded with the £uorescent calcium dye fura-2 by incubation
with the acetoxymethyl ester (Molecular Probes, Leiden, The
Netherlands) at a concentration of 1^5 mM for 60 min at 371C in
calcium-free phosphate-bu¡ered saline. Cells were bathed in calcium-free
phosphate-bu¡ered saline and were stimulated by addition of agonists,
and the ratio of emitted light (measured at 520 nm), after excitation
at 350 nm and 380 nm, was plotted to provide a measure of the
concentration changes in Cai (Sharpe et al, 1993). Ratios were converted
into calcium concentrations by comparison with a calibration curve
obtained using standard calcium concentrations in the form of a kit
[Molecular Probes; range 0^1350 nM Ca2þ in 10 mM K2 ethyleneglycol-
bis(b-aminoethyl ether)-N,N,N0,N0-tetraacetic acid (K2EGTA), 0^10 mM
CaEGTA, 50 mM fura-2, 100 mM KCl, 10 mM 3-(N-morpholino)
propanesulfonic acid, pH 7.2]. The increase in Cai upon activation was
then determined by subtracting the baseline concentrations from the peak
values.
RESULTS
Human keratinocytes express mRNA for multiple P2Y
receptors Previous studies using NHK have concentrated on
the P2Y2 receptor alone (Dixon et al, 1999), and a more complete
P2Y receptor pro¢le for this cell type has not previously been
reported. Furthermore, expression of mRNA for P2Y receptors
has not previously been investigated in the HaCaT cell line,
which is a transformed cell line, routinely used to investigate
keratinocyte responses. Therefore, RT-PCR techniques were
utilized in order to determine whether these two cell types
expressed mRNA for the P2Y1, P2Y2, P2Y4, and P2Y6 subtypes
of P2Yreceptors. PCR products of the correct molecular weights
were ampli¢ed for P2Y1 (237 bp), P2Y2 (344 bp), P2Y4 (411 bp),
and P2Y6 (463 bp) receptors in both NHK (Fig 1) and HaCaT
cells (Fig 2), indicating that keratinocytes express mRNA for
multiple P2Y receptor subtypes. Ampli¢cation of GAPDH (520
bp) was used, in both cell types, to con¢rm the integrity of the
sample cDNA.
P2Y2 and P2Y4 receptor expression is downregulated in
NHK cultured for 24 h in the presence of 200 lM or 1 mM
Ca2þ To identify whether P2Y receptor mRNA expression
was altered during di¡erentiation, NHK were cultured in the
presence of elevated Ca2þ (200 mM and 1 mM). NHK were
seeded onto 6 cm Petri dishes and allowed to adhere and settle
in standard medium containing 70 mM Ca2þ for 36 h. cDNA,
synthesized from these cells, acted as a 0 h control and PCR
products for P2Y1, P2Y2, P2Y4, and P2Y6 receptors were
successfully obtained after 35 cycles and for GAPDH after 30
cycles (Fig 3). NHK, cultured in medium containing 70 mM,
200 mM, or 1 mM Ca2þ for a further 24 h, again expressed
mRNA for P2Y1, P2Y2, P2Y4, and P2Y6 receptors and
Figure1. NHK express mRNA for P2Y1, P2Y2, P2Y4, and P2Y6 re-
ceptors. PCR products for P2Y1 (237 bp), P2Y2 (344 bp), P2Y4 (411 bp),
and P2Y6 (463 bp) after 35 cycles at 581C were obtained using cDNA from
NHK, and cDNA integrity was con¢rmed by ampli¢cation of GAPDH
(520 bp) after 35 cycles at 601C.
Figure 2. HaCaT cells express mRNA for P2Y1, P2Y2, P2Y4, and
P2Y6 receptors. PCR products for P2Y1 (237 bp), P2Y2 (344 bp), P2Y4
(411 bp), and P2Y6 (463 bp) after 35 cycles at 581C were obtained using
cDNA from HaCaT cells, and cDNA integrity was con¢rmed by ampli¢-
cation of GAPDH (520 bp) after 35 cycles at 601C.
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GAPDH; however, there was a dose-dependent decrease in the
expression of P2Y2 and P2Y4 receptors after 24 h incubation in
200 mM or 1 mM Ca2þ in comparison with the cells that had
been cultured in 70 mM Ca2þ (Fig 3). In contrast, there was no
apparent change in the expression of the P2Y1 or P2Y6 receptors
in cells that had been cultured in elevated Ca2þ versus 70 mM
Ca2þ after 24 h (Fig 3). Interestingly, expression of P2Y1, P2Y2,
and P2Y4 receptors was upregulated in NHK that had been
cultured for 24 h in 70 mM Ca2þ in comparison with the 0 h
control cells (Fig 3).
P2Y2 receptors but not P2Y1, P2Y4, or P2Y6 are functional
in NHK In NHK, equimolar concentrations of ATP and UTP
produced an approximately equal increase in Cai (Fig 4). This is
the characteristic response of a functional P2Y2 receptor. There
was no response to 2MeSADP (n¼ 4 di¡erent cells), ADP (n¼ 6
di¡erent cells), or UDP (n¼ 5 di¡erent cells; data not shown),
however, indicating that the P2Y1 and P2Y6 receptors,
respectively, were not functional in this cell type. This is in
agreement with proliferation data where, although both ATP
and UTP signi¢cantly increased the cell number in comparison
to the control, the increase induced by ATP was approximately
equal to that induced by UTP (Fig 5). Furthermore, there were
no detectable changes when vehicle alone was added (results not
shown; n¼15).
UTP and ATP dose-dependently increase Cai in HaCaT
cells, but ATP does not activate all cells In HaCaT cells, the
ability of UTP (1^10 mM) to dose-dependently increase Cai was
observed (Fig 6). Typical responses were transient, lasting
between 1 and 10 min. For all 10 cells observed, the threshold for
the Cai response was 1 mM UTP and no detectable changes were
observed at concentrations below this level (0.1 mM), or when
vehicle alone was added (n¼15; data not shown). Similar results
were obtained with ATP (Fig 6); however, the increase in
concentration of Cai was lower than with UTP. Additionally,
the threshold for the response varied. Out of eight cells
observed, ¢ve cells had a threshold of 1 mM ATP, one cell had a
threshold of 5 mM ATP, and two cells had a threshold of 10 mM
ATP. Not all cells responding to UTP also reacted to ATP (n¼ 8)
(Fig 7), however, indicating that it is likely that the P2Y4
receptor, but not the P2Y2 receptor, is functional in a subset of
HaCaT cells. Furthermore, this is in agreement with the
proliferation data for HaCaT cells, where UTP increased cell
numbers to a greater extent than ATP (Fig 8).
Figure 3. P2Y2 and P2Y4 receptor expression is downregulated in
di¡erentiated NHK after being cultured in elevated Ca2þ for 24 h.
NHK, which are normally cultured in medium containing 70 mM Ca2þ ,
were compared to di¡erentiated NHK, which had been cultured for 24 h
in the presence of 200 mM and 1mM Ca2þ . Control lanes are NHK in 70
mMCa2þ prior to Ca2þ treatment (0 h). PCR products for P2Y1 (237 bp),
P2Y2 (344 bp), P2Y4 (411 bp), and P2Y6 (463 bp) after 35 cycles at 581C
and GAPDH (520 bp) after 30 cycles at 601C were obtained using cDNA
from NHK.
Figure 4. ATP and UTP elevate Cai by equal amounts in NHK.
NHK were loaded with calcium-free fura-2 by incubation with 5 mM
fura-2AM for 30 min. Measurements were made from single cells within
colonies of approximately four to eight cells. The ratio of emitted light at
510 nm was recorded after excitation at 350 nm and 380 nm. Baseline Cai
measurements were recorded for 60 s prior to addition of ADP, ATP, or
UTP (10 mM).The graph shows a typical response observed in six di¡erent
cells.
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P2Y1 and P2Y2 receptors, but not P2Y6 receptors, are
functional in HaCaT cells 2MeSADP, a P2Y1 receptor
speci¢c agonist, raised Cai in HaCaT cells (n¼ 6; Fig 9),
although the threshold for the response again varied. Out of six
cells observed, two cells had a threshold of 1 mM 2MeSADP, three
cells had a threshold of 5 mM 2MeSADP, and one cell had a
threshold of 10 mM 2MeSADP. This indicates that P2Y1
receptors are not only expressed, but are functional in the
HaCaT cell population. In four out of the six cells observed an
additional response to either ATP or UTP was detected (Fig 9)
suggesting coexpression of P2Y1 and P2Y2 or P2Y4 receptors
Figure 5. ATP and UTP increase cell number by approximately
equal amounts in comparison with the control in NHK. To investi-
gate the cellular consequences of an increase in Cai on NHK, proliferation
assays involving cell counting were carried out. NHK were plated out at
1105 cells per 6 cm Petri dish and allowed to settle for 72 h prior to sti-
mulation. ATP (diagonal hatching) and UTP (solid shading) (0.1^10 mM) were
added for a further 24 h before cell counting with a Coulter counter model
ZM. Cell numbers are expressed as mean cell number (no shading) (n¼ 4
for each treatment, and results are typical of responses observed in four se-
parate experiments). Increased proliferation is inferred by the increase in
cell numbers in comparison with the control. The asterisk denotes signi¢-
cance po0.01 (Student’s t test).
Figure 6. ATP and UTP dose-dependently increased Cai in HaCaT
cells. ATP and UTP (1^10 mM) were introduced to HaCaT cells loaded
with calcium-free fura-2 by incubation with 5 mM fura-2AM for 30 min.
Measurements were made from single cells within colonies of approxi-
mately four to eight cells, and the ratio of emitted light at 510 nm was re-
corded after excitation at 350 nm and 380 nm. Baseline measurements were
recorded for 60 s prior to addition of extracellular nucleotides. Ratios were
converted into Cai concentrations by comparison with a calibration curve
obtained using standard concentrations of calcium, and the baseline mea-
surements were subtracted from the peak values. Results are expressed as
mean 7SEM [n¼ 7 for each UTP concentration (solid shading) and n ¼ 4
for each ATP concentration (diagonal hatching)].
Figure 7. P2Y4 receptors but not P2Y6 are functional in HaCaT
cells. ATP (5^10 mM) followed by UDP (10 mM) and UTP (10 mM) were
introduced to fura-2 loaded HaCaT cells. Measurements were made from
single cells for approximately 100 s before addition of the next extracellular
nucleotide. The ratio of emitted light at 510 nm was recorded after excita-
tion at 350 nm and 380 nm. Similar results were obtained from n¼13 cells.
Figure 8. ATP and UTP signi¢cantly increase cell numbers in
HaCaTcells in comparison with the control. HaCaT cells were seeded
at a density of 1105 cells per 6 cm Petri dish and allowed to settle for 24 h
prior to stimulation byATP or UTP (0.1^10 mM). Proliferation was deter-
mined using a Coulter counter (model ZM) to obtain mean cell numbers
after a further 24 h incubation with agonist. Figures are representative of
four separate studies. An asterisk denotes signi¢cant di¡erences from con-
trol at po0.05, a double asterisk denotes signi¢cant di¡erences at po0.005,
n¼ 8 for controls and n¼ 4 for treatments (Student’s t test).
Figure 9. P2Y1 receptors are functional and coexpressed with either
P2Y2 or P2Y4 receptors in HaCaT cells. 2MeSADP (1 mM) was intro-
duced to fura-2 loaded HaCaT cells, and the ratio of emitted light at 510
nm was recorded from single cells after excitation at 350 nm and 380 nm.
Following stimulation by 2MeSADP, the same concentration of UTP (1
mM) was introduced. Results are typical of n¼ 6 similar recordings.
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within single cells. In general, the increase in Cai with 2MeSADP
was much smaller than with either ATP or UTP, and the
responses were not detected in all cells. If ADP, a less potent
agonist at the P2Y1 receptor, was subsequently added to these
cells, no detectable change in Cai was observed, even at high
concentrations (10 mM), whereas cells still responded to UTP
(n¼ 4; Fig 10). Unlike the P2Y1 receptor, however, although
mRNA for the P2Y6 receptor is expressed, it does not appear to
be functional, as the speci¢c agonist UDP did not elevate Cai
(Fig 7).
ATP and UTP induce calcium oscillations in HaCaT
cells In some HaCaT cells, multiple Cai responses were
observed, without further addition of ATP or UTP (n¼15), as
the cells underwent calcium oscillations. Previously calcium
oscillations in keratinocytes have only been observed in ras-
transfected HaCaT cells, but we have now demonstrated
oscillations in the unmodi¢ed cell line. In all cases, the second
and subsequent responses diminished in amplitude unless a
higher concentration of agonist was added (Fig 11). As in£ux is
necessary to drive repetitive release of Ca2þ from agonist-
sensitive stores (Shuttleworth and Thompson, 1996) the trend of
diminishing responses is therefore typical of the calcium-free
conditions, where in£ux from extracellular sources is prevented.
The threshold for the oscillations varied, but was predominantly
detected with 5 mMATP and UTP (n¼ 3 and n¼ 6, respectively).
The frequency of oscillation was cell speci¢c, with periods
ranging from 10 s to 10 min. To identify whether the cause of
the oscillations was due to release from intracellular stores,
thapsigargin, which is an inhibitor of the intracellular store
Ca2þ ATPase, was added to the cells once oscillations had
started. Thapsigargin (0.1 mM) caused a cessation in oscillations
(Fig 12). If cells were incubated in the presence of thapsigargin
(0.1 mM) for 20 min prior to addition of extracellular nucleotide,
however, no Cai response was observed (data not shown).
DISCUSSION
These results indicate that in NHK, although P2Y1, P2Y2, P2Y4,
and P2Y6 receptor mRNA is expressed (Fig 1), only the P2Y2
receptor subtype is functional as both ATP and UTP have equal
e¡ects in terms of their ability to release Cai (Fig 4) and to in-
crease proliferation (Fig 5). This is in agreement with previous
in situ hybridization studies, where P2Y2 receptors were shown
to be localized in the proliferative basal layer of the epidermis
(Dixon et al, 1999). In the HaCaT cell line, however, where
mRNA for all four subtypes of P2Y receptors is again expressed
(Fig 2), proliferation is stimulated by both ATP and UTP, with
UTP acting as a more potent agonist than ATP of equimolar con-
centration (Fig 8). This is con¢rmed by the Cai studies, where a
high proportion of cells responded to UTP but not to ATP (Fig
6), in addition to cells responding with the characteristics of the
P2Y2 receptor (Fig 10). As these are the properties of the P2Y4
receptor (Boarder and Hourani, 1998), it is likely that this is one
of the predominant receptors involved in the proliferation re-
sponse in the HaCaT cell line. Interestingly, there appears to be
disparity between the concentrations of agonists required to ele-
vate Cai in comparison with those necessary to induce changes
in proliferation. For example, whereas 0.1 mM ATP signi¢cantly
increases cell numbers in both NHK and the HaCaT cell line
(Figs 5, 8), Cai is not correspondingly elevated by this concentra-
tion of agonist (data not shown). This is most probably due to
di¡erences in duration of exposure to the agonist. Cells were
only in contact with the agonist for a period of minutes during
the Cai analysis, whereas cells were cultured for a period of 24 h
for the proliferation assays. Therefore, we suggest that responses
to lower concentrations of agonist would be likely if the Cai
measurements were analyzed over a longer time course. An
alternative explanation for this discrepancy, however, is that
changes in Cai may not directly mediate proliferation and may
Figure10. P2Y2 receptors are functional in HaCaT cells. Equimolar
concentrations of UTP and ATP (5 mM) were introduced to fura-2 loaded
HaCaT cells and measurements of the ratio of emitted light at 510 nm was
recorded in single cells after excitation at 350 nm and 380 nm. A higher
concentration of ADP (10 mM) was added to examine the coexpression of
P2Y2 and P2Y1 receptors. Results are typical of n¼ 4 similar recordings.
Figure11. UTP induces calcium oscillations in HaCaT cells. HaCaT
cells were loaded with calcium-free fura-2 by incubation with 5 mM fura-
2AM for 30 min and stimulated with UTP. Measurements were made
from single cells within colonies of approximately four to eight cells. The
ratio of emitted light at 510 nmwas recorded after excitation at 350 nm and
380 nm. Cells were allowed to oscillate for at least four cycles before re-
stimulation with an increasing concentration of agonist. Results are typical
of n¼15 similar recordings.
Figure12. Thapsigargin causes cessation of calcium oscillations in
HaCaT cells. Fura-2 loaded HaCaT cells were stimulated with ATP or
UTP (1^10 mM) in order to induce calcium oscillations, and thapsigargin
(1 mM) was added immediately after the Cai level had returned to the base-
line. Measurements were made from single cells and the ratio of emitted
light at 510 nm was recorded after excitation at 350 nm and 380 nm.
Results are typical of n¼ 3 similar recordings.
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re£ect involvement of alternative signaling pathways, e.g., the
mitogen activated protein kinase cascade, which has been linked
to P2Y1 and P2Y2 receptor activation and proliferation (Boarder
et al, 1995).
The di¡erence between NHK and HaCaT cells may be a con-
sequence of the process by which they became immortalized or
di¡erences in culture conditions for the two cell types. NHK are
cultured in medium containing low concentrations of calcium
(70 mM), to primarily maintain a proliferative phenotype, typical
of the cells of the basal layer of the epidermis. Spontaneous dif-
ferentiation is reduced, but not prevented. HaCaT cells, however,
are cultured in medium that permits spontaneous di¡erentiation,
and proliferation is also permitted (Boukamp et al, 1988; Breitk-
reutz et al, 1993). HaCaTcells also contain di¡ering levels of phos-
pholipase C and InsP3 depending on the di¡erentiation status of
the cell (Haase et al, 1997). Changes in signaling capacity would
thus depend on the degree of di¡erentiation. Furthermore, these
changes in signaling mediators may also explain why the thresh-
old for the Cai responses varied. Cells containing high levels of
phospholipase C and InsP3 would be permitted to respond to low
concentrations of agonist and, conversely, cells containing low le-
vels would thus only respond to high concentrations of agonist.
Therefore, expression of P2 receptors is likely to be di¡erent in
NHK to that in the HaCaT cell line due to the di¡erences in cul-
ture conditions for the two cell types, along with the changes in
the cell line associated with immortality. To begin to identify the
cause of these di¡erences, NHKwere cultured in the presence of
elevated Ca2þ . Although there was no change in the expression
of P2Y1 and P2Y6 receptors in the di¡erentiated cells (200 mM
and 1 mM Ca2þ ) in comparison with those cultured under stan-
dard conditions (70 mM), expression of P2Y2 and P2Y4 receptor
mRNA was downregulated in the di¡erentiated cells (Fig 3).
This phenomenon has also been observed in human myeloid leu-
kocytes, where P2Y2 receptor expression was downregulated on
addition of phorbol esters, which induce di¡erentiation in this
cell type (Martin et al, 1997).Therefore, it is likely that downregu-
lation of P2Y receptors is either a factor involved in, or a conse-
quence of, di¡erentiation, whereas high mRNA expression is
likely to be involved in the regulation of proliferation. These data
do not fully account for the di¡erences between NHK and the
HaCaT cell line, however. This is most probably because the Ha-
CaT cell line is cultured in medium that not only contains ele-
vated Ca2þ but also includes 5% FBS. Components of FBS,
such as TGFb, may therefore also induce changes in P2Y receptor
expression.
In vivo, agonists such as ATP may be hydrolyzed by ecto-nu-
cleotidases present throughout the skin, leaving dinucleotides
such as ADP as the functional nucleotides acting at P2Y receptors
other than the P2Y2 or P2Y4 subtypes. Therefore, selective ago-
nists for other P2Y receptors were utilized in functional studies.
As 2MeSADP induced an increase in Cai in HaCaT cells (Fig 9),
there is some involvement of the P2Y1 receptor, although the
number of cells responding to this agonist was small. Addition-
ally, ADP, another agonist at this receptor, failed to elevate Cai in
HaCaTcells (Fig 10) and so the participation of the P2Y1 receptor
in the proliferation response is unlikely to be important. UDP
also failed to elevate Cai in HaCaTcells (Fig 7).Thus, these results
indicate that there is little if any involvement of the P2Y1 or P2Y6
receptors, leaving the P2Y2 and P2Y4 receptors as the main re-
ceptors involved in the proliferative response.
Until now, cell heterogeneity, with respect to changes in Cai,
has been attributed to variations in the mechanism of removal
from the cytoplasm (Pillai and Bikle, 1992) or changes in the
growth potentials of individual cells (McGovern et al, 1995). This
may also be the result of expression of a mixed population of
P2Y receptors, however, with varying thresholds due to the spe-
ci¢c content of receptors within a cell. Furthermore, evidence for
coexpression has been observed in our study as HaCaT cells re-
sponded to 2MeSADP, ATP, and UTP (Fig 9), signifying the co-
expression of the P2Y1 and P2Y2 or P2Y4 receptors. Whereas
P2X receptors are known to exist as homomultimers and hetero-
multimers in smooth muscle cells and cardiac tissue (reviewed by
Burnstock, 2001), the question of whether P2Y receptors are also
capable of this dimerization remains to be answered. In vivo,
wound sites would contain a mixture of nucleotides from plate-
lets, damaged cells, and surrounding cells due to mechanical sti-
mulation or stress. This would therefore provide a mechanism for
responding di¡erently to a mixture of nucleotides than a single
nucleotide, thus ensuring that proliferation occurs at su⁄cient
rates to e⁄ciently replace the epidermal barrier. Furthermore, if
injury provides a di¡erent cocktail of nucleotides than by endo-
genous release, a di¡erent response may be initiated, e.g., to
further increase the rate of proliferation above that necessary to
purely maintain the epidermal barrier after day-to-day abrasion
and sloughing of the cells of the stratum corneum.
Multiple receptors may also play a role in di¡erentiation with
varying subtypes predominant in di¡erent layers within the epi-
dermis. Expression may be altered according to the position of
the cell within the epidermal layers, with downregulation of
some receptor subtypes and upregulation of others in a similar
way to that observed in leukocytes (Martin et al, 1997). Previous
studies in NHK have suggested that other receptor subgroups
may be involved in the proliferation response, e.g., ADP, a P2Y1
and P2Y6 agonist that was observed to have an e¡ect on Cai (Pil-
lai and Bikle, 1992). In our study, however, ADP failed to induce
a Cai response in NHK. This di¡erence may be attributed to dif-
ferences in the methods used for detecting changes in Cai.
Whereas Cai measurements were taken from 1^1.510
6 cells in
suspension in the Pillai and Bikle study, our investigations were
carried out in single cells attached to glass coverslips. As DNA
synthesis is inhibited and di¡erentiation is induced if keratino-
cytes are cultured in suspension (Adams andWatt, 1989), changes
in P2Yreceptor expression could have occurred and thus di¡ering
agonists would induce characteristic Cai responses.
The release of nucleotides initiates subsequent increases in Cai,
in the form of waves of InsP3 or calcium oscillations, which may
be transferred to adjacent cells by di¡usion through gap junctions
(Fitzgerald et al, 1994; Frame and De Feijter, 1997). Oscillations are
cell speci¢c, depending on the position within the cell population
and environmental conditions such as temperature (Evans and
Sanderson, 1999). In keratinocytes, this phenomenon has only
previously been reported in the transformed HaCaT cell line
(ras-HaCaT). There are several possibilities for the cause of Cai
oscillations. First, they may be a direct result of calcium release
from the endoplasmic reticulum being cycled due to the Ca2þ
ATPase in the membrane. Second, they may be initiated by the
presence of a pool of InsP3 reactivating release of calcium. Third,
reactivation of the P2 receptor due to the continuing presence of
extracellular nucleotide is possible. To investigate these reasons,
thapsigargin (0.1 mM), which inhibits the intracellular store
Ca2þ ATPase, was added to oscillating cells. The oscillations
ceased, although nucleotide presence remained (Fig 12), thus in-
dicating the signi¢cance of the Ca2þ ATPase in the mechanism
of repeated release of Cai stores.
In conclusion, we have shown that P2Y1, P2Y2, and P2Y4 re-
ceptors are involved in the proliferation response in human kera-
tinocytes, although the roles in the skin have yet to be fully
determined. Receptors may be coexpressed in cells and may
function to potentiate the proliferation response in wounded skin
where a mixture of extracellular nucleotides are released by plate-
lets and dead or damaged cells. These studies suggest that extra-
cellular nucleotides acting at P2Y receptors alter keratinocyte
growth and may be an important mechanism in the physiologic
regulation of growth and di¡erentiation, particularly after injury
to the epidermis.
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